Nonpoint-source pollution of surface water by the transport of sediment, N, and P in agricultural runoff is one of the nation's major water quality concerns. Consequently, concentrations and amounts of sediment, N, and Pin runoff from Conventional Till (CT), Reduced Till (RT), and No Till (NT), sorghum [Sorghum bicolor (L.) Moench.I watersheds in the Southern Plains, were measured during a 5-yr period to evaluate water quality impacts of sorghum culture. Mean annual sediment and total N and P loss in runoff from NT (281, 0.76, and 0.28 kg ha' yr', respectively) and RT (523, 0.99, and 0.37 kg ha' yr', respectively) were lower than from CT sorghum (8877, 7.28, and 2.5 kg ha' yr', respectively). In contrast, tillage effects on soluble N and P losses were generally small and less consistent, although soluble P concentrations exceeded limits associated with accelerated eutrophication (0.01 mg L'). Predicted losses of soluble P and particulate N and P using desorption kinetics and enrichment ratio relationships were not significantly different from measured values for all tillage practices (r2 ranged from 0.66 to 0.99). Overall, conservation tillage (NT and RT) reduced sediment, N, and P transport in runoff relative to CT and thereby lessened the potential impact of sorghum culture on surface water quality in the Southern Plains.
N ONPOINT-SOURCE POLLUTION of surface waters by the transport in agricultural runoff of eroded soil and chemicals such as N, P, and pesticides is recognized as one of the nation's major water quality problems (USEPA, 1984) . With easier identification and control of chemical input from point sources, nonpoint sources now account for a larger share of pollution from all discharges than a decade ago. The role of N and P in runoff from agricultural land in accelerating the biological productivity of surface waters is well recognized (Schindler, 1977; Vollenweider and Kerekes, 1980) . The increasing adoption of conservation or reduced tillage practices can decrease soil erosion and on-farm energy use, and increase water use efficiency (Follett et al., 1987) . The transport of particulate N and P (associated with sediment and organic material) in runoff has also been shown to be lower from conservation compared with conventional tillage corn (Zea mays L.) (Barisas et al., 1978; Johnson et al., 1979; McDowell and McGregor, 1984) , cotton (Gossypium hirsutum L.) (Yoo et al., 1988) , and soybean [Glycine max (L.) Men.] (Laflen and Tabatabai, 1984; Langdale et al., 1985) . These researchers also found that soluble N and P loss in runoff was greater from conservation compared with conventional practices. The difference between conservation and conventional practices was a function of the amount of surface soil covered with crop residue, due to increased N and P leaching from the residue and buildup of fertilizer material at the soil surface with the former practice.
A recent study of sediment, N, and P transport in runoff from winter wheat (Triticum aestivum L.) in the Southern Plains, showed that conservation tillage practices were more efficient in reducing sediment and particulate nutrient losses than soluble nutrient losses (Smith et al., 1990) . Not much information is available, however, on the water quality impacts of sorghum culture under either conservation or conventional practices, particularly in the Southern Plains area of Oklahoma and Texas. It is suggested that in comparison with winter wheat, sorghum culture may pose a greater threat to water quality due to seedbed preparation during months of greater rainfall potential.
Accurate predictions of N and P transport in runoff from conservation and conventional tillage will enable more efficient evaluation of the relative effects of these practices on the eutrophic response of surface waters. The soluble P (SP) concentration of runoff is predicted by the following equation describing the kinetics of soil P desorption (Sharpley et al., 1985) :
where Pr is average SP concentration of an individual runoff event (mg L'), Pa is available P (Bray-IP procedure [Bray and Kurtz, 1945] ) content (mg kg-1 ) of surface soil (0-50 mm) before each runoff event, E is effective depth of interaction between surface soil and runoff (mm), B is bulk density of soil (Mg rn 3), t is runoff event duration (min), W is runoff water/soil (suspended sediment) ratio, V is total runoff during the event (mm), and K, a, and 3 are constants for a given soil. Values of E were estimated from soil loss (kg ha-1 ) (Sharpley, 1985a) :
In (E) = I + 0.576 In (soil loss) [2] where i is a function of soil aggregation. Values of Eq.
[1] constants were estimated from surface soil clay and organic C contents (Sharpley, 1983) . The nitrate-N (NO3 -N) concentration of runoff was not predicted. Due to the mobility of NO3 -N in the soil profile with infiltrating water, the amount of NO 3-N in surface soil and runoff are not closely related (Sharpley et al., 1985) , precluding accurate NO 3-N prediction in runoff. Particulate N (PN) and P (PP) (representing all sorbed forms and organic matter) concentration of runoff are calculated from total N (TN) and P (TP) contents of surface soil, respectively, using the enrichment ratio (ER) for each nutrient form (NER and PER, respectively):
where units of soil N and P are mg kg-1 and those for sediment concentration in runoff are g L* The ERs were predicted from soil loss (kg ha) using the following equation developed by Sharpley (1985b) :
In(ER) = 1.21 -0.16 In (soil loss) [5] This study investigates the transport of sediment, N, and P in runoff from sorghum under conservation and conventional tillage in the Southern Plains during a 5-yr period. Predictions of N and P transport in runoff using Eq.
[1] to [5] are compared with measured values.
MATERIALS AND METHODS

Study Area
The II watersheds used in the study are representative of agricultural land under sorghum in the Southern Plains with the location characteristics and management of the watersheds summarized in Table 1 . At Bushland, TX, the watersheds were in a sorghum-fallow-wheat rotation; at Ft. Cobb, OK, a sorghum-peanut (Arachis hypogena L.) rotation; and at Riesel, TX, a sorghum-oat (Avena sativa L.)-cotton rotation. Only the sorghum component of the rotation each year is presented for the three locations. At Bushland, RT consisted of stubble mulch tillage, with sweeps to kill weeds and leave the crop residue on the surface for wind erosion control. Conventional tillage at Ft. Cobb consisted of plowing (chisel or moldboard), followed by harrowing and disking prior to planting. At Riesel, CT consisted of chisel plowing and harrowing only. Fertilizer N and P was broadcast during harrowing in March at Ft. Cobb and in December or January at Riesel at rates determined by soil test recommendations (Table 1 ). An unfertilized Native Grass (NG) watershed adjacent to the sorghum watersheds at Bushland and Klein Grass (KG), Coastal Bermuda Grass (CBG), and Wintergreen Harding Grass (WHG) watersheds at Riesel are included for comparison. The major soil type on the Bushland, Ft. Cobb, and Riesel watersheds are Pullman clay loam (fine, mixed, thermic Torrertic Paleustoll), Cobb fine sandy loam (fine-loamy, mixed, thermic Udic Haplustaif), and Houston Black clay (fine, montmorillonitic, thermic Udic Pellustert), respectively. Watershed runoff was measured using precalibrated flumes or weirs equipped with water level recorders, and 5 to 15 samples were collected automatically during each runoff event. The samples were composited in proportion to flow, to provide a single representative sample, which was stored at 277 K until analysis. Surface soil samples (0-50 min were collected annually in March at four sites near the flume of each watershed, composited, air dried, and sieved (2 mm).
Chemical Analysis
Runoff. Aliquots of each composited runoff sample were centrifuged (266 km s' for S mm) and filtered (0.45 m) prior to conductivity, pH, NO-N, ammonium-N (NH-N), and SP determinations, while total Kjeldahl N (TKN) and TP were determined on unfiltered samples. Conductivity and pH were determined using a Wheatstone bridge and glass electrode, respectively. Analyses for NO-N, NH-N, and TKN concentration were made by standard automated
methods described in Methods for Chemical Analysis of
Waters and Wastes (USEPA, 1979) . Total N (TN) was calculated as the sum of NO-N and TKN, and particulate N (PN) as the difference between TKN and NH-N. Soluble P was determined using the colorimetric method of Murphy and Riley (1962) , as was TP following perchlonc acid digestion of unfiltered samples (O'Connor and Syers, 1975) . Particulate P (PP) was calculated as the difference between TP and SP. Suspended sediment concentration of runoff was determined by gravimetric analysis following evaporation to dryness (378 K) of duplicate 250-mL aliquots of unfiltered runoff.
Soil. Available P content of surface soil was determined using the Bray-I P procedure (Bray and Kurtz, 1945) and TP was determined by digestion with perchloric acid (Olsen and Sommers, 1982) . The concentration of P was measured on all neutralized filtrates of soil extracts by the method of Murphy and Riley (1962) . Total N was determined by a semimicro-Kjeldahl procedure (Bremner, 1965) .
Measured and predicted SP, TP, and PN concentrations in runoff were compared using linear regression analysis, analysis of variance for paired data, and standard error of the predicted value. In the latter analysis, the measured value (x) was assumed to be correct and have no error, with the standard error in the predicted value (y), representing all variability associated with the predictive equations. 
RESULTS AND DISCUSSION
Runoff and Sediment Discharge
Mean annual runoff from NT sorghum watersheds at Bushland was significantly greater than from the RT watersheds (Table 2) because of reduced infiltration on NT resulting from increased surface sealing and decreased surface detention storage (Jones et al., 1987) . At Riesel, no consistent difference in runoff volume from CT sorghum and NG watersheds was observed during the same study period ( Table 2 ). The average mean annual rainfall during the study period at each location (540, 900, and 960 mm for Bushland, Ft. Cobb, and Riesel, respectively) was slightly greater than the 20-yr average (460, 750, and 860 mm for Bushland, Ft. Cobb, and Riesel, respectively). Consequently, runoff may be above long-term averages for the area.
Conservation tillage of sorghum reduced mean annual sediment discharge in runoff, with values of 280, 520, and 8880 kg ha-' yr-' averaged for NT, RT, and CT practices, respectively (Table 2) . Although sediment discharge from NT and RT sorghum at Bushland were similar, they were significantly lower than those from CT sorghum at Ft. Cobb and Riesel (Table 2) . Mean annual sediment discharge from the CT watersheds at Ft. Cobb (16 150 kg ha-' yr') exceeded T values (4 500 kg ha-' yr'; SCS, 1979) . In contrast, sediment discharge from the CT watersheds at Riesel (2810kg ha-' yr') were lower than T values (11 200 kg ha' yr'), which may be attributed to less cultivation of the soil prior to seedbed preparation and planting at Riesel compared with Ft. Cobb. As expected, mean annual discharge from NT (280 kg ha-' yr-1 ) and RT (520 kg ha-' yr') was appreciably lower than the T value for Pullman clay loam (11 200 kg ha-' yr').
Nutrient Discharge
Concentration No consistent effect of tillage practice on soluble N and P concentrations in runoff from the NT and RT watersheds at Bushland was observed (Table 2) . Similarly, at Riesel no difference in NH-N or SP concentration in runoff from CT sorghum and NG watersheds was found, although NO-N concentrations were greater from the former management. Concentrations of particulate nutrients, however, were significantly affected by tillage practice (Table 2) . For example, mean annual particulate N (TN-NH-N) and PP concentration were greater in runoff from RT (6.95 and 1.86 mg L-', respectively) compared with NT sorghum (2.28 and 0.60 mg L', respectively) at Bushland (Table 2 ). Particulate N and PP concentrations in runoff from CT sorghum at Riesel (5.55 and 1.82 mg L-', respectively) were also appreciably greater than from NG (1.79 and 0.31 mg L-', respectively).
Overall, pH and NO-N, NH-N, and SP concentrations in runoff were greater than those in rainfall at each location (Table 2 ). It is apparent that the buffering capacity of the area soils increased the pH of rainfall/ runoff water during contact with surface soil.
From an environmental standpoint, NON concentrations (Table 2 ) were less than 10 and 100 mg L', considered acceptable levels for human and livestock consumption, respectively (USEPA, 1973) . In general, NH-N concentrations were below limits of 0.5 and 2.5 mg L-' recommended for human consumption and fish survival (USEPA, 1973) . Soluble and TP concentrations in runoff (Table 2) were consistently greater than critical values of 0.01 and 0.02 mg L-', respec- tively, which if exceeded may stimulate accelerated eutrophication of surface waters (Sawyer, 1947; Vollenweider and Kerekes, 1980) . Critical P concentrations were even exceeded in runoff from the unfertilized watersheds at Bushland and Riesel (Table 2) , where natural soil fertility was apparently high enough to release sufficient P from surface soil material to enrich runoff P concentrations. As the concentration of PP was, in general, greater than SP, there is an even greater potential for long-term P supply for aquatic growth in surface waters from eroded soil. No apparent effect of tillage treatment on the conductivity of runoff was observed (Table 2) . Conductivity is frequently used as an index of total soluble salt concentration, an important criterion of irrigation water quality, because high salinity levels (generally when conductivity exceeds 8 000 dS rn X 10) can reduce crop yields (Branson et al., 1975; U.S. Salinity Lab., 1954) . At the present time, no salt damage to crops would result from the use of runoff from Bushland and Ft. Cobb watersheds as irrigation water.
Amount. Mean annual amounts of NO-N in runoff
from CT sorghum at Ft. Cobb and Riesel were greater than losses from NT and RT sorghum at Bushland (Table 3 ). In contrast, annual amounts of SP showed no difference between tillage practices. While only the unfertilized watersheds at Bushland had consistently lower annual SP losses in runoff than input in rainfall, NO--N and NH-N input in rainfall was conserved at each location (Table 3) .
Annual TN and PP losses were lower in runoff from RT and NT than from CT sorghum ( Table 3 ). The proportion of N and P lost in particulate form was appreciably greater for CT than RT and NT. For example, 95% of the mean annual TP loss was associated with sediment compared with 89% from RT, 71% from NT, and 30 and 70% from NG at Bushland and Riesel, respectively (Table 3) . The TN and PP content of runoff sediment decreased as sediment concentration of individual runoff events increased for all watersheds and locations (Fig. 1) . This can be attributed to an increased transport of silt-sized (2-20 ,um) particles of lower P content than finer clay-sized (<2 tm) particles as sediment concentration of runoff increases. The logarithmic relationship between sediment concentration and N and P content of runoff sediment shown in Fig. Iwas similar for all management practices. The decrease in TN content of runoff sediment, however, was greater than that of PP for a given increase in sediment concentration, as represented by regression slope values for TN (-0.63) and PP (-0.30) . This difference between TN and PP may result from the fact that TN is mainly of organic origin and will, thus, be lighter than PP, which is comprised mainly of P sorbed by sediment material. Knoblauch et al. (1942) and Neal (1944) obtained higher ERs for organic matter (4.31) and TN (4.12) than for TP (1.84) in runoff from Collington sandy loam in New Jersey. Recently, Sharpley (1985) reported ERs of 2.00 and 1.56 for organic C and clay in runoff from several soils using simulated rainfall.
Direct estimation of fertilizer N and P loss in runoff is difficult due to unaccountable losses from native soil sources. Although nutrient losses in runoff from CT sorghum at Ft. Cobb may constitute a modest economic loss to the farmer, the data indicate that transport from all management practices can be of environmental concern.
Prediction
The concentration of SP, PP, and TN of individual runoff events was predicted using Eq. [1] through [5] , soil loss, Bray-IP, TP, and TN content of surface soil before runoff. Using these predicted concentrations and runoff volume, annual SP, PP, and TN losses were calculated. Measured and predicted mean annual amounts of SP and PP in runoff were not significantly different (at 1% level) for all management practices with r2 values ranging from 0.62 to 0.99 (Fig. 2) . Total N transport was also accurately predicted, with r2 values of 0.93, 0.94, 0.66, and 0.95 for correlations between measured and predicted loss from CT, RT, NT, and NG watersheds, respectively (data not presented). Prediction errors for SP, PP, and TN were 0.03, 0.22, and 1.32 kg ha-' yr', respectively, representing 18, 17, and 27% of measured mean annual losses, respectively. Earlier testing of Eq. [5] showed that the relationship between soil loss and ER varied between watersheds (Sharpley et al., 1985) . Consequently, making slope and intercept of Eq.
[5] a function of factors affecting soil loss or runoff energy such as rainfall intensity, vegetative cover, and management should improve ER prediction and, thereby, N and P transport in runoff. This improvement will be of particular importance for TN where prediction errors were greater than for SP and PP.
CONCLUSIONS
Conservation tillage was more effective in reducing sediment and associated N and P loss than soluble nutrient loss. Annual soluble N and P loss, however, was generally small compared with rainfall and fertilizer inputs. Although N transport from sorghum culture under all tillage practices posed no water quality problems at the present time, P loss in runoff was greater than limits recognized as stimulating accelerated eutrophication of surface waters (0.01 and 0.02 mg L for soluble and total P, respectively). Limits were exceeded even for unfertilized native grass watersheds, emphasizing the difficulty in attaining or maintaining these P limits in runoff from any conservation or conventional tillage practice. Losses of soluble and total N and P from sorghum (Table 3) were of the same order of magnitude as from winter wheat culture in the Southern Plains (<3, 1, 20, 1, and 5 kg ha-' yr' for NO-N, NH-N, TN, SP, and TP, respectively) (Smith et al., 1990) . Apparently, the lack of surface soil cover associated with sorghum culture, during the winter months of high rainfall potential, did not dramatically affect sediment and nutrient loss in runoff compared with winter wheat.
No evidence of NO3 -_N build-up in the soil profile (0-180 cm) or in the groundwater on the Ft. Cobb watersheds was found by Smith et al. (1987) . Wells are being constructed at the study watersheds to sample groundwater, however, in order to monitor future impacts of agricultural management practice on the N and P content of groundwater.
